ONE OF THE METHODS frequently used to study neural mechanisms underlying sensorimotor learning is to examine the pattern of adaptation acquired by one arm and test how the acquired learning generalizes to the other arm (Birbaumer 2007) . Interlimb transfer of adaptation to both novel visuomotor and dynamic conditions has been studied in some depth. For example, Sainburg and Wang (2002) examined the pattern of interlimb transfer following adaptation to a novel visuomotor rotation during targeted reaching movement in right-handed individuals and showed that different features of reaching movement transferred in different directions. That is, directional information of the reaching movement only transferred from the left to the right arm, whereas positional information only transferred from the right to the left arm (i.e., the right and the left arms benefited from initial training with the opposite arm only in terms of initial direction and final accuracy control, respectively). They also demonstrated later (Wang and Sainburg 2006 ) that the two types of information transfer in opposite directions in left-handers, thus supporting the idea that the dominant and nondominant, as opposed to the left and right, limb/hemisphere systems are specialized in controlling dynamic features of movement and final limb posture, respectively (Sainburg 2002) . With regard to interlimb transfer of dynamic adaptation, a number of studies have investigated the pattern of dynamic transfer and demonstrated that the pattern of interlimb transfer following dynamic adaptation is somewhat different from that following visuomotor adaptation: directional information transfers only from the right to the left arm of right-handers, and not vice versa (Criscimagna-Hemminger et al. 2003; Galea et al. 2007; Wang and Sainburg 2004) .
The aforementioned findings indicate that the pattern of interlimb transfer depends on a number of factors, such as the order of the arms used (left or right arm first), the features of movement assessed (initial direction vs. final position), and the nature of sensorimotor tasks employed (visuomotor vs. dynamic) . This suggests that the transfer of sensorimotor adaptation across the arms is not due to cognitive strategies (Sainburg and Wang 2002) . If interlimb transfer occurred because of certain cognitive strategies, the direction of transfer should not vary regardless of task conditions (e.g., whether the left or the right arm learned the task first, whether initial direction or final position of reaching movement is assessed). However, it has been argued that interlimb transfer is primarily a result of a cognitive strategy that arises from the abrupt introduction of large kinematic or dynamic movement errors (Malfait and Ostry 2004 ). This argument is based on a finding that the large amount of interlimb transfer observed following adaptation to an abruptly introduced dynamic condition disappeared when the same dynamic condition was gradually introduced. Whereas this finding clearly demonstrates the effect of gradual versus abrupt adaptation on the extent of interlimb transfer, it does not necessarily mean that interlimb transfer associated with the abrupt adaptation is solely due to a cognitive strategy, because the observed differences between the two conditions may be attributed to the fact that the two conditions involve distinct neural processes Orban de Xivry et al. 2011; Saijo and Gomi 2010) .
In the present study, we tested the effect of cognitive awareness on interlimb transfer of visuomotor adaptation by comparing the effects of three conditions that varied the level of subjects' awareness of the visuomotor rotation employed (i.e., gradual adaptation, abrupt adaptation, and abrupt adaptation of which subjects were fully informed). We hypothesized that if interlimb transfer occurred because of the use of a cognitive strategy, greatest transfer would occur in the condi-tion in which subjects were fully informed of the visuomotor rotation.
MATERIALS AND METHODS
Subjects. Subjects were 21 neurologically intact right-handed adults (10 women, 11 men), aged from 18 to 25 yr. Subjects were paid for their participation. Informed consent approved by the Institutional Review Board of the University of Wisconsin-Milwaukee was solicited prior to participation. Right-handedness was assessed with the 10-item version of the Edinburgh inventory (Oldfield 1971) .
Apparatus. Movement data were obtained with a bilateral robotic exoskeleton called KINARM (BKIN Technologies, Kingston, ON, Canada). Subjects sat on the KINARM chair with their arms supported on the exoskeleton that provided full gravitational support of the entire arms, and the chair was moved to bring the arms under a horizontal display (Fig. 1A) . The KINARM was incorporated with a virtual reality system that projected visual targets on the display to make them appear in the same plane as the arms. Direct vision of the subjects' arm was blocked, and a cursor representing their index finger tip was provided to guide their reaching movement. The two-dimensional (2D) position data of the hand, elbow, and shoulder were sampled at 1,000 Hz, low-pass filtered at 15 Hz, and differentiated to yield resultant velocity and acceleration values. Movement onset and offset were defined by the last minimum (below 5% maximum tangential velocity) prior to and the first minimum (below 5% maximum tangential hand velocity) following the maximum in the tangential hand velocity profile, respectively. Computer algorithms for data processing and analysis were written in MATLAB.
Experimental design. Prior to movement, one of four targets (2 cm in diameter; 10 cm away from the starting position), presented in a pseudorandom sequence within each cycle (i.e., 4 consecutive trials that included all 4 target directions), was displayed on the horizontal tabletop (Fig. 1B) . Subjects were instructed to move their index finger rapidly from the start circle (2 cm in diameter) to the target, as straight as possible, in response to the appearance of the target, and stop on it. The experiment consisted of two sessions: baseline and exposure sessions. The baseline session was provided to familiarize the subjects with the general reaching task made in the four target directions. To examine adaptation to a novel visual-motor transformation, the position of the cursor was rotated 32°counterclockwise (CCW) about the start circle during the exposure session. The visuomotor rotation was introduced to the subjects differently in the following three conditions: gradual, abrupt, and informed adaptation. In the first condition, the visual rotation was introduced gradually, such that the degree of rotation increased by 1°per trial for the first 32 trials. In the second condition, the full 32°rotation was introduced from the first trial. The informed adaptation condition was identical to the abrupt condition, except that the subjects were provided with an instruction regarding the visuomotor rotation prior to the beginning of the exposure session. The instruction read as follows: "From now on, the cursor will not follow your finger so closely any more. Instead, it will be rotated 32 degrees counterclockwise about the start position. Your task is to move as straight as possible to the target in the presence of that rotated visual display of the cursor." These three conditions were designed in such a way that the extent to which the subjects were aware of the rotation would increase from the gradual to the abrupt to the informed adaptation condition. Postexperiment interviews confirmed that most subjects in the gradual condition were not aware of the rotation at all during the left arm adaptation; most subjects in the abrupt condition thought that "something" had happened, although only a few knew the visual display was rotated; and every subject in the informed condition was aware of the rotation because of the explicit instruction. Seven subjects were tested in each of the three conditions. The number of subjects was determined based on a power analysis performed based on the data reported by Malfait and Ostry (2004) .
Subjects performed two blocks of trials in the baseline session: one performed with the left arm (24 trials) and the other performed with the right arm (24 trials). They performed six blocks of trials in the exposure session, as shown in Table 1 . In block 1, 96 trials, including the first 32 trials in which the visuomotor rotation was introduced either gradually or abruptly, were provided for the subjects to first adapt to the rotation with their left arm. To examine initial transfer of visuomotor adaptation from the left to the right arm, four trials were provided for the subjects to perform the same reaching task with their 
CCW, counterclockwise; Blk, block; trls, trials; L, left arm; R, right arm; n, no. of subjects.
right arm in block 2. Only four trials of reaching movement were allowed in block 2, so that the amount of learning acquired by the right arm in this block would be minimized. The left arm performed the task for an additional 64 trials in each of blocks 3 and 5, which allowed us to examine the effect of continued adaptation with the left arm on subsequent performance with the right arm in blocks 4 and 6. Sixty-four trials were provided in the last block, so that the final level of adaptation with the right arm could also be compared across the three conditions. Visual feedback of the cursor representing the index finger tip was available for both arms during the entire experiment. Data analysis. Two measures of performance were calculated: hand-path direction error at peak tangential arm velocity (V max ) and final position error. Direction error at V max was calculated as the angular difference between the vectors defined by the target and by the hand-path position at movement start and at V max . Final position error was calculated as the 2D distance between the index finger at movement termination and the center of the target.
A cycle is the mean of four consecutive trials that included movements made in all four target directions. Data from the left arm performance were subjected to a repeated-measures ANOVA, which was conducted with condition (gradual, abrupt, informed) as a between-subject factor and cycle (last 4 cycles from blocks 1, 3, and 5) as a within-subject factor. Data from the right arm performance were subjected to another repeated-measures ANOVA conducted with condition (gradual, abrupt, informed) as a between-subject factor and cycle (cycle 1 from blocks 2, 4, and 6) as a within-subject factor. The former ANOVA was conducted to test whether there was a significant difference among the three conditions in terms of the final level of adaptation with the left arm and the latter in terms of the initial level of performance with the right arm following opposite arm adaptation. To compare the course of adaptation with the right arm following left arm adaptation, a line of approximation was constructed for each subject by finding a nonlinear logarithmic regression line, and the intercept and the slope of the regression equations obtained from each subject were subjected to a one-way ANOVA with condition (gradual, abrupt, informed) as a between-subject factor.
Additional analyses were conducted for post hoc pairwise comparisons. Paired t-tests between cycle 1 of block 1 (left arm performance) and cycle 1 of block 2 (right arm performance) were conducted to determine whether a significant transfer of learning occurred from the left arm to the right arm performance in the abrupt and the informed conditions. Effect size (ES) was also computed, with the equation (mean of group 1 Ϫ mean of group 2)/pooled standard deviation, to determine the meaningfulness of a difference between the gradual and the informed adaptation conditions. (These 2 conditions were compared because they represented the conditions in which subjects were least and most aware of the visual rotation, respectively.) The ␣ level was set at 0.05 for all statistical significance. Figure 2 shows typical hand-paths of our representative subjects during the initial and final phases of visuomotor adaptation with each arm. In the abrupt adaptation condition, the hand-paths obtained during the first cycle of performance with the left arm (Fig. 2, column 1, row 1) are initially directed ϳ30°CCW to the targets (gray dots). In the gradual adaptation condition, however, the hand-paths obtained during the first cycle (Fig. 2, column 3 , row 1) are directed relatively straight to the targets because the size of visual rotation introduced during the first cycle is only up to 4°. The hand-paths observed during the first cycle in the informed adaptation condition (Fig.  2 , column 5, row 1) are very similar to those observed in the abrupt condition. At the end of block 1, the hand-paths are directed relatively straight to the targets regardless of the conditions (Fig. 2, columns 2 , 4, and 6, row 1), indicating a good amount of visuomotor adaptation that occurred during this first block of trials. Regarding the performance with the right arm, its hand-paths observed during block 2 are very similar across the three conditions, in that they are initially directed ϳ25°CCW to the targets in all three conditions (Fig.  2, columns 1, 3 , and 5, row 2). These hand-paths at the end of block 6 are also very similar across the three conditions (Fig. 2 , columns 2, 4 and 6, row 2). Figure 3 illustrates the changes in performance across the blocks and the cycles in terms of initial direction control. As expected, the direction errors at V max at the very first cycle of performance with the left arm (block 1) were substantially larger in the abrupt and informed conditions than in the gradual condition. These differences across the conditions, however, disappeared by the end of block 1, indicating again that an Fig. 2 . Each column shows hand-paths of the 4 consecutive trials of reaching movement made in 4 different target directions. Columns 1, 3, and 5 show performance upon initial exposure to the visual rotation (from block 1 on top, from block 2 at bottom). Columns 2, 4, and 6 show improved performance at the end of the adaptation session (from block 1 on top, from block 2 at bottom). Black dots indicate the 4 target locations that the subjects viewed during reaching movement. Gray dots indicate the 4 target locations that were rotated (32°in the abrupt and informed conditions, 1-4°in the gradual condition) about the start circle. equivalent amount of adaptation occurred in this block regardless of the conditions. In contrast, the direction errors at V max measured during the performance with the right arm do not show such differences across the conditions, not only in block 2, which immediately followed initial adaptation with the left arm, but also in blocks 4 and 6, each of which followed additional adaptation trials provided for the left arm. Our repeated-measures ANOVAs showed that the main effect of condition was not significant for either the left or the right arm performance (P Ͼ 0.39 and 0.63 for left and right arms, respectively). The main effect of cycle was not significant for the left arm performance (P Ͼ 0.36) but was significant for the right arm performance (P Ͻ 0.001). Interaction effects between the two factors were not significant for either arm performance (P Ͼ 0.19 and 0.86 for left and right arms, respectively). These ANOVA results indicate that the final level of visuomotor adaptation with the left arm was not statistically different across the three adaptation conditions, and that the initial level of the right arm performance following left arm adaptation was not statistically different across the three conditions, either. Post hoc pairwise comparisons showed that the right arm performance at cycle 1 of block 2 was significantly better than the left arm performance at cycle 1 of block 1 for both the abrupt and informed conditions (P Ͻ 0.03 for both conditions), indicating that a significant transfer of movement direction information occurred from the left to the right arm performance. The ES computed between the gradual and informed conditions was 0.25. According to Cohen (1989) , ES greater than 0.8 is considered large, ES around 0.5 moderate, and ES around 0.2 small. This indicates that the difference observed between the two groups, which is not statistically significant (P Ͼ 0.8 by an independent t-test), is not very meaningful, either.
RESULTS
A line of approximation was constructed for direction error at V max by finding a logarithmic regression line for each condition. Regression equations for the gradual, abrupt, and informed conditions were Y ϭ Ϫ4.09 Ln(X) ϩ 19.25, Y ϭ Ϫ4.45 Ln(X) ϩ 20.04, and Y ϭ Ϫ4.52 Ln(X) ϩ 19.99, respectively. The slope and the intercept of the regression equation obtained from each subject for each condition were subjected to an ANOVA, which indicated no significant main effect of condition for either the slope or the intercept (i.e., no significant difference among the 3 groups with regard to the course of adaptation with the right arm following initial training with the left arm). (The same results hold for an exponential fit as well.) The regression lines for the three conditions are also shown in Fig. 3 .
With regard to final position errors, the ANOVA results are essentially the same as those reported above for the direction errors at V max , with the only significant main effect of cycle found for the right arm performance (P Ͻ 0.001). However, paired t-tests indicated that the right arm performance at cycle 1 of block 2 was not significantly different from the left arm performance at cycle 1 of block 1 for both the abrupt and informed conditions (P Ͼ 0.4 and 0.7 for the two conditions, respectively), indicating no interlimb transfer of positional information.
DISCUSSION
There is a discrepancy in the literature as to whether or not interlimb transfer of sensorimotor adaptation occurs as a result of cognitive strategies. On the basis of a finding that the direction of interlimb transfer changes depending on certain factors such as the order of the arms used and the features of movement assessed, Sainburg and Wang (2002) suggested that interlimb transfer does not result from the use of a cognitive strategy. On the other hand, Malfait and Ostry (2004) argued that it does occur as a result of a cognitive strategy, based on a finding that interlimb transfer does not occur when subjects are not cognitively aware of the novel sensorimotor condition to be learned. In the present study, we thus compared the effects of three adaptation conditions that varied the level of subjects' awareness of a novel visuomotor rotation on interlimb transfer, and hypothesized that if interlimb transfer occurred because of the use of a cognitive strategy, the extent of transfer would be greater when subjects were fully aware of the visuomotor rotation compared with when they were less aware of the rotation. Our data refute this hypothesis, by demonstrating that neither the extent of transfer from the left to the right arm nor the rate of right arm adaptation following left arm training varied across the three adaptation conditions (gradual, abrupt, informed). Our results showed that the right arm performance was not statistically different across the conditions at the first cycle of blocks 2, 4, and 6. If the subjects' awareness of the visuomotor rotation played a critical role in interlimb transfer, the extent of interlimb transfer observed in block 2 would have been greatest in the informed adaptation condition and smallest in the gradual condition, which was not the case. The results also showed that the final level of adaptation with the right arm observed at the end of block 6 was not significantly different across the conditions, indicating that the rate of right arm adaptation following left arm training was not influenced by the subjects' awareness of the rotation, either.
It was previously demonstrated that the size of an aftereffect (i.e., a movement error observed when a novel sensorimotor condition to which subjects adapt through practice is unexpectedly removed) is different depending on how the novel condition is introduced. Kagerer et al. (1997) reported that after adaptation to a 90°rotation of the visual display that was introduced either gradually or abruptly, subjects who experienced the rotation gradually showed larger aftereffects compared with those who experienced it abruptly. Michel et al. (2007) conducted a similar study using wedge prisms and demonstrated that the gradual condition was associated not only with larger aftereffects but also with transfer of the prism adaptation from the exposed hand to the nonexposed hand. More recently, Saijo and Gomi (2010) examined qualitative changes in the visuomotor transformation after the learning of abrupt and gradual visuomotor rotations and observed that abrupt adaptation was associated with an increase of computational load in motor planning, whereas gradual adaptation was associated more with online adjustment of reaching movement. These findings collectively suggest that gradual and abrupt sensorimotor adaptations may involve distinct neural processes, which in turn may lead to the development of qualitatively different neural representations of a novel sensorimotor condition. Considering this, along with our present findings, it is unlikely that the difference in the extent of interlimb transfer between the gradual and abrupt adaptation conditions observed in the previous study (Malfait and Ostry 2004) was due to a cognitive strategy used by the subjects who were in the abrupt condition. However, it is possible that the discrepancy between their findings and our findings may be attributed to some methodological differences, such as the type of perturbation (dynamic vs. visuomotor) and the number of targets. In fact, it has been suggested that visuomotor and dynamic adaptations are subserved by distinct neural mechanisms (e.g., Krakauer et al. 1999; Rabe et al. 2009; Wang and Sainburg 2004) . Given that the sensorimotor conditions employed in the two studies (dynamic adaptation in Malfait and Ostry's study, visuomotor adaptation in the present study) are different, further research may be needed to ensure whether the effect of awareness on interlimb transfer depends on the sensorimotor nature of a given task.
Our finding that subjects' cognitive awareness of a novel sensorimotor condition does not influence the extent of interlimb transfer is also in line with an idea that cognitive awareness does not play a substantial role in sensorimotor adaptation per se. Werner and Bock (2007) , for example, examined the role of declarative knowledge on visuomotor adaptation by comparing the performances of subjects who were able to figure out the nature of the visuomotor manipulation on their own and those who were not. The authors found that those who figured it out showed better adaptive progress but the same transfer (from a pointing to a tracking task) as those who did not, based on which they suggested that the benefit of declarative knowledge is not related to an adaptive recalibration of the sensorimotor system. This is consistent with findings from other studies that demonstrated that implicit learning can occur regardless of whether the subjects have explicit awareness of the condition to be learned (Cameron et al. 2010; Mazzoni and Krakauer 2006; Song et al. 2007 ). These findings suggest that individuals' awareness of a novel sensorimotor condition does not substantially affect either adaptation to the condition per se or transfer of the adaptation across the arms.
Given that the role of cognitive awareness in facilitating transfer of motor learning across the arms appears to be minimal, it seems worthwhile to discuss previously proposed models of interlimb transfer, among which the most popular are the callosal access model (Taylor and Heilman 1980) and the cross-activation model (Parlow and Kinsbourne 1989) . The former posits that during initial training with one arm a single memory is stored in the dominant hemisphere regardless of the arm used, and the latter posits that during training with the dominant arm a duplicate, but weaker, memory is stored in the nondominant cerebral hemisphere. Whereas both of these models can account for findings of interlimb transfer in one direction (i.e., better transfer from the nondominant to the dominant arm explained by the access model, and from the dominant to the nondominant arm explained by the cross-activation model), neither model can account for the findings that different features of movement transfer in different directions (e.g., Sainburg and Wang 2002; Sainburg 2003, 2006) . Thus Sainburg and Wang (2002) proposed a modified access model, which posits that information stored during learning with either arm controller can subsequently be accessed by its contralateral homolog. This modified access model extends the original access model by proposing that the properties of the controller used after initial memory formation will determine the nature of the information transferred across the limb systems. They further proposed that the two arm controllers have independent (short term) memory resources that can be accessed by their counterpart, based on a finding that adapting to two opposing visuomotor rotations simultaneously by the two arms neither facilitates nor interferes with interlimb transfer (Wang and Sainburg 2003) . This idea has been confirmed by other studies, which demonstrated that adaptations to two opposing rotations can coexist in the sensorimotor system, one for each arm (Bock et al. 2005; Galea and Miall 2006) .
In conclusion, our present findings indicate that the extent of interlimb transfer following adaptation to a novel visuomotor condition does not depend on the level of individuals' cognitive awareness of the visuomotor condition. It is suggested that interlimb transfer occurs as a result of the executive decisions made by the motor control system, which occurs subconsciously, to determine whether to access and utilize the information that was obtained during initial learning with, and stored in the memory cache of, the opposite arm (Wang and Sainburg 2003) .
